The active metabolite of vitamin D, i.e., 1,25-dihydroxycholecalciferol (1,25-D 3 ) , is primarily known for its involvement in the regulation of bone and mineral metabolism (1, 2) . In addition, 1,25-D 3 can modulate the growth and differentiation of a number of normal and malignant cell types (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . 1,25-D 3 inhibits leukemia and tumor cell proliferation in vitro (6, 13, 14) and leukemia/tumor cell growth in vivo in rodent leukemia and tumor model systems (15, 16) . We have demonstrated that 1,25-D 3 inhibits the proliferation of murine and human squamous cell carcinoma cells in vitro (17) . In an animal model involving the growth of transplanted squamous cell carcinomas in C3H/HeJ mice, 1,25-D 3 treatment effectively inhibits the growth of newly transplanted or established tumors. Although antiproliferative effects have been observed with 1,25-D 3 in this model system, the tumor-bearing animals became severely hypercalcemic when given doses of 1,25-D 3 greater than 0.25 g/mouse over a 2-week period.
Glucocorticoids, such as dexamethasone, have been shown to inhibit calcium absorption by the intestine and to increase calcium excretion by the kidneys (18, 19) . Clinically, 1,25-D 3 has been shown to reverse glucocorticoid-mediated suppression of calcium absorption, and glucocorticoids have been used to treat hypercalcemia (20) . Glucocorticoids do not appear to compete for the vitamin D receptor-binding site (21) , and reports vary on the effect of glucocorticoids on vitamin D receptor binding (22) (23) (24) . Specific high-affinity receptors for 1,25-D 3 are found in a variety of normal and malignant murine and human cell lines and in fresh tissues (1) (2) (3) (25) (26) (27) (28) (29) (30) (31) . The ability of 1,25-D 3 to inhibit the growth of transformed cells appears to be associated with the number(s) of vitamin D receptors per cell (32) . Controversy exists on whether the levels of vitamin D receptor increase or decrease as cells dedifferentiate (i.e., progress) toward a more malignant phenotype (12, 30) .
We examined the effects of the glucocorticoid dexamethasone on 1,25-D 3 -mediated antiproliferative effects in vitro and in vivo as well as on 1,25-D 3 -induced hypercalcemia. In addition, we examined the effect of dexamethasone on vitamin D receptor-ligand binding in vitro in squamous cell carcinoma cells and in vivo in normal and tumor tissues isolated from dexamethasone-treated, tumor-bearing mice.
Materials and Methods

Tumor Cells and Model System
Murine SCCVII/SF squamous cell carcinoma cells were obtained from K. K. Fu (University of San Francisco, CA). They were transplanted as previously described (17, 33) in 6-to 10-week-old female C3H/HeJ mice (obtained from The Jackson Laboratory, Bar Harbor, ME). The mice were regularly monitored for the presence of adventitious murine viruses and were housed and cared for in accordance with National Institutes of Health guidelines with no special considerations with respect to diet or light-dark cycle. For in vitro studies, cells were grown in RPMI-1640 medium plus 15% fetal calf serum (HyClone Laboratories, Inc., Logan, UT) and passed only twice before being returned to the animals. In vivo, squamous cell carcinomas were routinely produced by subcutaneous inoculation of 5 × 10 5 log-phase tissue culture cells in the right flank of each mouse. Studies were initiated 9 days later when the tumors were palpable (approximately 2 × 2 mm in size). Animals were randomly assigned into groups and treated intraperitoneally with 1,25-D 3 three times per week until day 20 (2 weeks or six treatments) and/or with dexamethasone administered daily. Effects on tumor induction or growth were examined by treatment with 1,25-D 3 that was begun on day 0 or on the same day as tumor implantation and continued three times per week until day 19 (3 weeks or nine treatments) with dexamethasone administered daily. Using both approaches, we measured the tumor diameter in the mice with calipers every other day. Tumor volumes were calculated by the following formula: volume ‫ס‬ (length × width 2 )/2. Serum calcium levels were determined at various times after treatment as described by Kaufman and Tietz (34) .
1,25-D 3 and Dexamethasone
The active metabolite of vitamin D, i.e., 1,25-D 3 , was provided by Milan Uskokovic (Hoffmann-La Roche Inc., Nutley, NJ). 1,25-D 3 was dissolved in 100% ethyl alcohol at 1 mg/mL and stored in the dark under a layer of nitrogen gas at −70°C. Dilutions were made in sterile saline just before in vitro or in vivo use. All handling of 1,25-D 3 was done under indirect lighting, and tubes were protected from light by covering them with aluminum foil to prevent inactivation of the compound. Just before use, dexamethasone (Sigma Chemical Co., St. Louis, MO) was diluted in sterile saline.
In Vitro Antiproliferative Effects
To examine the in vitro antitumor effects of 1,25-D 3 and dexamethasone, we determined the ability of cells to survive treatment as measured in a tumor cell clonogenic (i.e., cloning of cells grown and treated in tissue culture) assay. Various dilutions of tumor cells were incubated for 24 hours in six-well tissue culture plates (Corning Costar Corp., Cambridge, MA) with or without 500 nM dexamethasone. Cells were then either left untreated or treated with various concentrations of 1,25-D 3 for an additional 24 hours. After a 7-day incubation at 37°C in a humidified atmosphere containing 5% CO 2 , cell monolayers were washed with saline, fixed with 100% methanol, and stained with 10% Giemsa, and colonies were counted with the use of a light microscope. To calculate the surviving fraction, we divided the cloning efficiency of treated cells by the cloning efficiency of untreated, control cells.
In Vivo Clonogenic Assay
The in vivo effect of 1,25-D 3 with and without dexamethasone on clonogenic tumor cells was determined by a modification of the in vivo clonogenic (i.e., cloning of dissociated cells of surgically removed tumors from treated and untreated animals) cell survival assay as described previously (35, 36) . Briefly, mice with 9-day squamous cell carcinomas (three to five animals per treatment group) were treated with 1,25-D 3 at varying doses and/or dexamethasone at 9 g per mouse daily for 3 days. Twenty-four hours after the last injection, the animals were killed, and their tumors were removed. Aliquots of minced tumor were enzymatically dissociated for 60 minutes at room temperature with a mixture of type I collagenase (37.5 ), respectively. The surviving fraction per gram of tumor is defined as the number of clonogenic tumor cells per gram of treated tumor divided by the number of clonogenic tumor cells per gram of control, untreated tumor. We have previously shown that the in vivo excision clonogenic assay is an accurate measure of in vivo antitumor activity and that a surviving fraction of less than 0.1 was always paralleled by an actual decrease in tumor volume and an increase in tumor regrowth delay (35) (36) (37) (38) .
Receptor Binding Assay
Analysis of total cellular vitamin D receptor binding was performed as described by Peehl et al. (11) . For the preparation of whole-cell extracts from squamous cell carcinoma cells grown in vitro, cells at 90% confluence were either untreated or treated for 24 hours with dexamethasone (500 nM), rinsed twice with ice-cold phosphate-buffered saline, and harvested by being scraped with a rubber policeman. Cell pellets were suspended in 2 mL of KTEDM buffer (i.e., 0.3 M KCl, 10 mM Tris [pH 7.4], 1.5 mM EDTA, 1 mM dithiothreitol, and 10 nM sodium molybdate) containing the protease inhibitor cocktail (10 g/mL soybean trypsin inhibitor, 1 g/mL leupeptin, 2 g/mL pepstatin, and 1 g/mL aprotinin; all from Sigma Chemical Co.). Cells were disrupted by sonication on ice and centrifuged at 205 000g for 35 minutes at 4°C to obtain a soluble extract for the binding studies.
Tissues for vitamin D receptor-ligand binding were processed as described previously by Colston et al. (26) . A whole-cell extract preparation from mouse tissues involved removal of tissues after 7 days from tumor implantation in mice that were either untreated or treated intraperitoneally with dexamethasone at 9 g/20-g mouse for 7 days. Tissues were removed at day 14 after tumor implantation, flushed with Ca 
Statistical Analysis
For the in vitro and in vivo excision clonogenic assays, the statistical significance of differences in surviving fraction for treatment groups was assessed by use of the two-way analysis of variance (ANOVA) (two-sided) because different mice contributed to each mean value. For in vivo experiments in which tumor volumes of the same mice were measured over time, the statistical significance of differences between groups was examined by use of repeated-measures ANOVA (two-sided). For receptor studies and serum calcium levels, the statistical significance of differences in ligand binding was assessed by use of Student's t test (two-sided) that assumed unequal variance.
Results
In Vitro Effects of 1,25-D 3 and Dexamethasone
We have shown previously that 1,25-D 3 inhibits in vitro tumor cell proliferation (17) . As shown in Fig. 1 , in vitro treatment of squamous cell carcinoma cells with dexamethasone at 500 nM for 24 hours before 1,25-D 3 treatment resulted in an increase in 1,25-D 3 -mediated growth inhibition in the in vitro clonogenic assay in a dose-dependent fashion. However, when dexamethasone was added to squamous cell carcinoma cells at the same time as 1,25-D 3 , antitumor activity was not in-creased. The antiproliferative activity of 1,25-D 3 alone was similar to previously reported findings (17) . Dexamethasone at 500 nM slightly inhibited tumor cell proliferation. The concentration of 500 nM was used because concentrations of dexamethasone higher than 10 4 nM resulted in greater than 50% growth inhibition of squamous cell carcinoma in vitro (data not shown). Similarly, dexamethasone was shown to enhance 1,25-D 3 -mediated antiproliferative in vitro activity by use of the human squamous cell carcinoma cell line PCI-13 (data not shown), which has been shown previously (17) to have a higher IC 50 (i.e., the concentration that kills 50% of the tumor cells) and to be more resistant to the effects of 1,25-D 3 alone (data not shown).
Effects of 1,25-D 3 and Dexamethasone In Vivo as Measured by Use of the Excision Clonogenic Assay
We used the in vivo clonogenic assay to examine the effect of dexamethasone on 1,25-D 3 -mediated antitumor activity. We have previously demonstrated that an increase in in vivo clonogenic cell kill results in an actual decrease in fractional tumor volume (35) (36) (37) (38) . Using this assay, we treated tumor-bearing mice (day 9) for 3 days with varying intraperitoneal doses of 1,25-D 3 , either with or without 9 g of daily dexamethasone. Twenty-four hours after the last injection of 1,25-D 3 , tumors were removed, dissociated, and plated in the clonogenic cell assay. As shown in Fig. 2 , the combination of 1,25-D 3 and dexamethasone resulted in a decrease in surviving fraction as compared with 1,25-D 3 alone. The 1,25-D 3 -mediated clonogenic cell kill was enhanced even at the lowest dose of 1,25-D 3 (0.016 mg/kg per day for 3 days). Dexamethasone given alone at a dose of 9 g per mouse per day for 3 days did not decrease the fraction of cells that survived.
Effect of Dexamethasone on 1,25-D 3 -Mediated Antiproliferative Activity In Vivo
To determine whether an increase in clonogenic cell kill was associated with actual differences in tumor volume, we treated tumor-bearing mice (day 9) with either 0.25 g of 1,25-D 3 three times per week, daily dexamethasone at 9 g/20-g mouse, or a combination of the two at the same doses and schedules for 2 weeks (six treatments). As shown by analysis of the tumor growth curves in Fig. 3 , the combination of 1,25-D 3 and dexamethasone was capable of inhibiting tumor growth as compared with the tumor growth observed in untreated, control mice or in those treated with 1,25-D 3 or dexamethasone alone. As was shown previously (17) , treatment of mice with 1,25-D 3 resulted in an antitumor effect as compared with tumor growth in the untreated, control animals. Treatment of mice with dexamethasone alone resulted in a slight tumor-inhibitory effect as compared with the control animals. Animals in the untreated, control group had to be killed at day 19 as a result of tumor burden and because they had become moribund.
To determine the effect of dexamethasone on the antitumor activity of 1,25-D 3 , we initiated 1,25-D 3 treatment at the same time as tumor implantation, and the mice were monitored for the ; two-sided analysis of variance). When the serum calcium levels in the mice were examined at day 19 or after the last injection, animals treated with dexamethasone plus 1,25-D 3 had lower levels than those treated with 1,25-D 3 alone (Table 1) . Animals treated with dexamethasone plus 1,25-D 3 did not become hypercalcemic throughout the treatment period, and their serum calcium levels remained in the normal range. In contrast, mice treated with 1,25-D 3 alone became hypercalcemic (>11.0 mg of Ca 2+ /dL of serum) by day 15 or after six treatments with 0.05 g/20-g mouse (data not shown). In addition, none of the animals in any treatment groups had a loss in body weight during the experimental period when compared with animals in the control, untreated group. As noted above, the animals in the control group had to be killed on day 19 because of their excessive tumor load and their moribund condition.
Effect of Dexamethasone on Vitamin D Receptor Binding
To examine total cellular vitamin D receptor binding, we treated the squamous cell carcinoma cell line for 24 hours with 500 nM dexamethasone. As measured by the single-point saturation assay, maximum 1,25-D 3 -binding capacity in dexamethasone-treated squamous cell carcinoma cells was 33.2 fmol/mg (95% CI ‫ס‬ 30.9-35.5) of protein and was increased as compared with 12.8 fmol/mg (95% CI ‫ס‬ 11.2-14.4) for squamous cell carcinoma treated with dexamethasone (P ‫ס‬ 1.3 × 10 −13 ; two-sided ANOVA). These values are similar to those reported previously for vitamin D receptor measurements in 1,25-D 3 tar- get tissues (intestinal mucosa and kidneys) as well as vitamin D receptor values for a number of tumor cell lines (11, 31, 40) . By equilibrium binding analysis, an increase in ligand binding was observed in squamous cell carcinoma cells treated with dexamethasone as compared with untreated squamous cell carcinoma cells, even at low concentrations of labeled 1,25-D 3 (Fig.  5, A) . The dose-response saturation plots, which represent only specific binding (nonspecific subtracted out), approached saturation at 0.7 and 1.3 nM, respectively, of [ 3 H]1,25-D 3 for animals in the untreated group and those in the dexamethasonetreated group. As shown in the Scatchard plot (Fig. 5, B) , linear regression analysis demonstrated a single class of specific, highaffinity receptors with no difference observed in the equilibrium dissociation constant (Kd) from squamous cell carcinoma cells either not treated with dexamethasone (0.13 nM 1,25-D 3 ; 95% CI ‫ס‬ 0.12-0.14) or treated with dexamethasone (0.08 nM 1,25-D 3 ; 95% CI ‫ס‬ 0.04-0.12).
To determine whether dexamethasone could increase ligand binding in the tumors of animals treated in vivo, we treated mice with 7-day squamous cell carcinoma tumors with 9 g of dexamethasone. After daily treatment with dexamethasone for 7 days, animals were killed, their tumors were removed on day 14, and whole-cell extracts were prepared for binding analysis. As determined by single-point saturation binding, the vitamin D receptor level (as measured by maximum 1,25-D 3 -binding capacity per milligram of protein) was significantly higher in tumors from animals treated with dexamethasone (140.6 fmol/mg; 95% CI ‫ס‬ 128.5-152.7) than in tumors from untreated, control animals (26.1 fmol/mg; 95% CI ‫ס‬ 20.7-31.4) (P ‫ס‬ 8.1 × 10 −8 ; two-sided ANOVA). Treatment of tumor-bearing mice with 9 g of dexamethasone for 3 days also yielded similar results; vitamin D receptor binding in tumor tissue extracts from dexamethasone-treated animals was increased compared with that in untreated, control animals (data not shown). As shown by equilibrium binding (Fig. 6, A) and Scatchard plot (Fig. 6, B) analyses, dexamethasone treatment of mice for 7 days resulted in enhanced vitamin D receptor levels in the whole-cell extracts examined from tumor tissues as compared with tumor cell extracts from untreated animals. Similar to results obtained from analysis of extracts of squamous cell carcinoma cells grown in culture, no difference was observed in the equilibrium binding dissociation constant (Kd) from tumor tissue isolated from animals either untreated (0.03 nM 1,25-D 3 ; 95% CI ‫ס‬ 0.01-0.05) or treated (0.07 nM 1,25-D 3 ; 95% CI ‫ס‬ 0.03-0.11) with dexamethasone.
Levels of ligand binding were elevated in whole-cell extracts of tumor tissue from dexamethasone-treated animals compared with the equivalent extract from control, untreated animals; however, the effects were not examined in whole-cell extracts of normal tissues isolated from the same animals. Therefore, we examined whole-cell extracts not only from tumor tissues but also from a variety of normal tissues from the same group of mice. Since dexamethasone did not alter the affinity of the ligand with the vitamin D receptor, these experiments were performed at a single saturation concentration of [ 3 H]1,25-D 3 . Animals with established tumors (7 days after tumor implantation) were treated for 7 days with dexamethasone; the animals were then killed, their tissues were excised, and extracts were prepared for ligand binding analysis. As shown in Fig. 7 , the level of ligand-binding activity was increased in the tumors and kidneys of mice treated with dexamethasone as compared with that in the same tissues of control, untreated animals. No increase (or decrease) in ligand binding was observed in the tissues of skin, bone, muscle, and esophagus that were isolated from dexamethasone-treated mice as compared with the same tissues isolated from control, untreated animals. In contrast, the level of ligand-binding activity in the intestinal mucosa of animals treated with dexamethasone was decreased when compared with that in the same tissues isolated from control, untreated animals. Squamous cell carcinomas were not metastatic regardless of their size or time after implantation; therefore, tumor cells would not have been present in any of the normal tissues that were isolated.
Discussion
1,25-D 3 is a steroid hormone that is involved in the regulation of calcium and phosphate transport in the intestine and in the mobilization of mineral from the bone (1,2) . In addition to these well-recognized actions, 1,25-D 3 also inhibits cell growth and induces differentiation in both normal and malignant cell types (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . These antitumor effects are observed in the treatment of animals with established tumors as well as in the prevention of tumor induction or initiation. Studies presented demonstrate that dexamethasone can enhance 1,25-D 3 antiproliferative effects and can decrease 1,25-D 3 -mediated hypercalcemia.
The mode of action of 1,25-D 3 activity appears to depend on binding to the vitamin D receptor, thereby increasing the affinity of the receptor-ligand complex for DNA (44) . The vitamin D receptor is a 48-to 55-kd protein with a dissociation constant of approximately 0.1 nM and is part of a superfamily of genes that includes the receptors for estrogen, progesterone, cortisol, thyroxine, retinoic acid, and aldosterone (45, 46) . The vitamin D receptor appears to be primarily nuclear; however, evidence exists for the presence of cytoplasmic receptors (47) . We examined whole-cell extracts that contain both cytoplasmic and nuclear receptors (39) . Studies are in progress to examine vitamin D receptor binding and content in nuclear and cytoplasmic preparations from squamous cell carcinoma cells and from tissues isolated from squamous cell carcinoma-bearing mice.
Vitamin D receptors are present in a wide variety of tumor types from tissues including breast, skin, prostate, ovary, thyroid, brain, head and neck, lung, and hematopoietic cells (1) (2) (3) (25) (26) (27) (28) (29) (30) (31) . The presence of vitamin D receptor is not always associated with sensitivity to the antiproliferative effects of 1,25-D 3 ; however, receptors must be present in order to see an effect. Shabahang et. al. (12) suggested that, as tumor cells progress toward a more malignant phenotype, they lose responsiveness with the vitamin D receptor either by actual loss or by downregulation (i.e., reduced expression). If tumor cells lose responsiveness to 1,25-D 3 , therapeutic interventions with 1,25-D 3 could be compromised. One hypothesis for the effect of dexamethasone on numbers of vitamin D receptors in tumors is that dexamethasone is acting to reactivate receptors that have been down-regulated (i.e., whose expression and/or activity has been reduced) as a part of the malignant process. Activation of the vitamin D receptor may occur rapidly. As a result, the 24-hour preincubation of cells with dexamethasone may not be required; however, the effects that dexamethasone has on normal murine cells depend on the rate of cell proliferation (48) . In preliminary studies, we have observed that messenger RNA levels for the vitamin D receptor (both nuclear and cytoplasmic) are unchanged in tissues from untreated and dexamethasone-treated squamous cell carcinoma-bearing mice and also in squamous cell carcinoma cells grown and treated with dexamethasone in tissue culture (Johnson CS, Hershberger PA, Trump DL: unpublished observations). Therefore, the observed increases in vitamin D receptor levels were not the result of enhanced gene expression. We have initiated studies to examine the timedependent effects of dexamethasone on the level of vitamin D receptor and related proteins.
We demonstrated that dexamethasone increases ligand bind-ing in the tumor but decreases ligand binding in the intestine. These changes occur at the same time that enhanced antitumor activity is observed from the combination of 1,25 (21) . In the mouse, dexamethasone treatment results in a decrease in the vitamin D receptors present in cell extracts from the intestine (24) . These results agree with what we found in the intestinal mucosa of dexamethasone-treated mice. In contrast, another study (22) demonstrated that, when rats were treated with corticosterone, the levels of ligand binding to the vitamin D receptor in cell extracts of intestinal tissue were increased when compared with those in the same tissue from control, untreated mice. In both of these studies (22, 24) , however, extremely large doses of glucocorticoids (10-40 g/20-g mouse and 150-7500 g/150-g rat) were administered daily for 7 days. In experiments reported here, we administered 9 g of dexamethasone per mouse daily for either 3 or 7 days. This dose in mice is equivalent to a dose of approximately 17.5 mg/day of prednisone in humans, which is a relatively low dose. Dexamethasone also increases vitamin D receptor levels in cultured rat osteoblasts (23) . In cell culture, the effects of dexamethasone on vitamin D receptors depend on the rate of cell proliferation, with inhibitory effects observed in cells that are in early log phase or quiescent because of contact inhibition of growth and stimulatory effects in cells in late log phase (49) . Therefore, glucocorticoids do appear to play a role in modulation of vitamin D receptor binding even in normal animals.
To examine the mechanism(s) for enhanced antiproliferative activity with the combination of 1,25-D 3 and dexamethasone, we determined the effect of dexamethasone on vitamin D receptorligand binding both in vitro and in vivo. As described above, we determined that dexamethasone increases ligand binding in the tumor, thereby making tumor cells more sensitive to the effects of 1,25-D 3 . We focused the receptor studies on dexamethasone alone and not on dexamethasone plus exogenously added 1,25- Glucocorticoids directly lyse leukemic lymphoblasts (49) and are used to treat cancer patients for a variety of indications (i.e., to treat emesis or hypercalcemia) (50) . In these studies, dexamethasone alone did not inhibit the growth of squamous cell carcinoma cells in vitro or in vivo. In mice with established tumors, dexamethasone at 9 g/mouse, given three times per week for six treatments or 2 weeks, only slightly inhibited tumor growth. It was only when dexamethasone was administered to animals early (i.e., starting at the time when tumor cells were injected) to prevent tumor growth that an antitumor effect of dexamethasone (9 g/mouse, three times per week for nine treatments or 3 weeks) was observed. 
